The seasonal changes of the upper-tropospheric humidity are studied with the water vapor data from the Microwave Limb Sounder on the National Aeronautics and Space Administration's Upper Atmosphere Research Satellite, and the winds and vertical velocity data obtained from the European Centre for Medium-Range Weather Forecasts. Using the same algorithm for vertical transport as that used for horizontal transport (by Zhu and Newell), the authors find that the moisture in the tropical upper troposphere may be increased mainly by intensified local convection in a small portion, less than 10%, of the whole area between 40ЊS and 40ЊN. The contribution of large-scale background circulations and divergence of horizontal transport is relatively small in these regions. These dynamic processes cannot be revealed by the traditional analyses of moisture fluxes. The negative response suggested by Lindzen, with enhanced convection in the Tropics being accompanied by subsidence drying in the subtropics, also exists, but the latter does not apparently dominate in the moisture budget.
Introduction
The effect of increasing sea surface temperature (SST) on the change of moisture in the upper troposphere has received wide interest, since the hypothesis of a possible negative response was proposed by Lindzen (1990) . This hypothesis was detailed by Sun and Lindzen (1993) . They argued that the cumulus-induced time and zonal mean large-scale subsidence could be increased if sea surface temperatures increased, while the contribution of eddy fluxes would be negligible. According to Rasmusson (1972) and Peixoto and Oort (1992) , the tropical water vapor transport by time and zonal mean flows is dominant only below 500 hPa; the fluxes carried by stationary eddies and transient perturbations may be greater in the upper troposphere although hitherto there have been few direct observations there. A general circulation model used by Allam and Tuck (1984) showed that the meridional mass fluxes in the upper troposphere were dominated by the time and zonal mean flows at all latitudes, while the moisture flux carried out by transient and stationary eddies were comparable with the flux contributed by the time and zonal mean flows, except in the tropical regions. Del Genio
Corresponding author address: Yong Zhu, Department of Earth, Atmospheric and Planetary Sciences, MIT, 54-1822 , 77 Massachusetts Avenue, Cambridge, MA 02139. et al. (1994 reported that the upper-tropospheric moisture response in their general circulation model is positive, since the drying by the mean Hadley cell subsidence was offset by the moistening resulting from convergence of the vertical eddy flux. Cess et el. (1990) also found that some general circulation models yielded a positive response of upper-troposphere humidity (UTH) from increasing SST. On the other hand, Chou (1994) and Fu et al. (1997) argued that enhanced tropical convection reduced the UTH in the adjacent subtropical areas, shown by data analyses and model results. These consequences appear to be in conflict with each other, but both may be right. At this point, then, the published empirical analyses and model results do not consistently yield the same sign for the relation between increasing SST and UTH.
The Microwave Limb Sounder (MLS) on the National Aeronautics and Space Administration (NASA) Upper Atmosphere Research Satellite (UARS) provided unique satellite datasets of UTH, which include measurements in the presence of cirrus (Read et al. 1995) . A new version of the humidity data (V490) is now available at four pressure levels: 464, 316, 215, and 147 hPa, based on the relative humidity with respect to ice. The data coverage is continuous from 34ЊS to 34ЊN, with a change every 36 days between 34Њ-80ЊN and 34Њ-80ЊS. A discussion of the new data and comparisons with other datasets has been given by Sandor et al. (1998) . An amplification of this discussion concerns the fact that MLS is sensitive to ice emission but unlike Stratospheric Aerosol and Gas Experiment II (SAGE-II), the emission cross section of ice is half that of vapor (Read et al. 1995) ; therefore, observations can be made in its presence. Nonscattering emission from typical amounts of thin cirrus (3 mg m Ϫ3 ) and subvisible cirrus (K3 mg m Ϫ3 ) would be expected to cause an overestimation of UTH not more than 6% (for 3 mg m Ϫ3 ), which is probably unimportant because this is quite less than the systematic UTH measurement error (typically 10%-20%). Typical particle sizes in thin cirrus are below the scattering threshold and are not expected to have a significant scattering contribution. Thick cirrus from convection can cause large signal enhancement due to scattering upwelling radiation and high density ice emission, and this has been observed in the data. Generally, it is assumed that cirrus exists in saturated air and the retrieved values are trimmed to be the smaller of the measured or 100% relative humidity as a way of minimizing vapor errors due to ice contamination. Another step taken to minimize sampling problems was as follows. For the four 1991-92 seasons 330 days were well sampled and for 1992-93 317 days were well sampled, while for 1993-94, 272 days were sampled with three months being 16 or less and 6 months less than 19 days. To avoid a potential sampling problem, we confined the analyses to the first two years. For each of the 647 days used in our analysis an objective computer analyzed map has been drawn of water vapor mixing ratio for each of the four levels 464, 316, 215, and 147 hPa. Each map has been inspected individually and for any dates that showed potential problems, all the levels for that date have been rejected. This step reduced the data sample by about 2% but improved its fidelity.
We will use the MLS humidity data together with the European Centre for Medium-Range Weather Forecasts (ECMWF) winds and vertical velocity to study the seasonal variations of UTH and the related dynamic mechanisms.
Section 2 comments further on the sign of the response and examines it from the MLS data; section 3 presents meridional and vertical fluxes of water vapor; section 4 investigates seasonal changes of UTH insofar as they may represent the response to surface heating; section 5 discusses the dynamical processes governing both positive and negative responses of UTH; section 6 emphasizes the role of slantwise convection; and section 7 discusses the conclusions.
Positive or negative response?
Figure 1 compares the differences of SST and MLS UTH between an El Niño season in 1992 and a pre-La Niña season in 1994. In the tropical Pacific, the ocean surface was generally colder over the western part, but warmer over the eastern part in early 1992. Two areas of negative SST difference occurred also on both sides of the warm pool. A similar pattern is found also in the difference of MLS UTH. This feature suggests a positive correlation between the UTH and local SST, as reported with different datasets by others (Raval and Ramanathan 1989; Rind et al. 1990; Soden and Fu 1995) . Now, if we compare the low MLS UTH over the eastern subtropical Pacific with the warm tropical ocean water beneath, a negative correlation results. Certainly, the negative correlation does not mean that the local correlation between UTH and SST was also negative. Higher UTH in one region is often connected with deep convection VOLUME 13 in a region far removed as seen in an example we provided elsewhere (Newell et al. 1997, Fig. 5 ). This gives a limitation on the study of the greenhouse effect in terms of the response of UTH in the tropical El Niño events. While the high relative humidities (Ͼ80%) in Fig. 1 spanning the latitudes from about 20ЊN to 20ЊS are based on ECMWF analysis, they were verified by the presence of cirrus observed by airborne lidar from the intertropical convergence zone at about 10ЊS to north of Guam at 14ЊN (Newell et al. 1996) . One particular general circulation model, which produced the negative response of subtropical UTH to the intensified deep convection during the 1987 El Niño (Fu 1997) , could also produce positive response to an increase of SST (Cess et al. 1990 ).
UTH fluxes by ECMWF winds
The time and zonal mean meridional fluxes of water vapor may be partitioned into (Rasmusson 1972) 
where is the meridional wind component, and q ϭ w / a is the specific humidity ( a and w represent the densities of air and water vapor, respectively). Analogously, the vertical fluxes may be written as
in the pressure coordinates, where w ϭ dp/(dt) and g is the gravitational acceleration. The three terms on the right-hand sides of the two equations are then called, respectively, the fluxes by the zonal mean flow, stationary eddies, and transient perturbations. The temporal mean is denoted by an overbar; the zonal mean is put in the square brackets, and the prime and asterisk indicate the deviations from the temporal and zonal means, respectively. Figure 2 gives the zonal distributions of the seasonal mean meridional and vertical MLS water vapor fluxes carried by ECMWF winds and vertical velocity in 1992 and 1993. The meridional fluxes are integrated from 464 to 147 hPa, for example, 464 hPa 2a Q ϭ (q ) cos dp, Figure 2 shows that the meridional flux by the zonal mean flow was strongest in the tropical region, which transports moisture across the equator from the summer hemisphere to the winter hemisphere. In the northern summer, there was a mean southward flux over the equator. In the subtropical regions from 20Њ to 40ЊS the mean flow transports moisture poleward, except in the summer Northern Hemisphere. The total transport was poleward, showing divergence from about 10ЊS latitude, and dom- 
Seasonal changes in UTH
The seasonal changes of UTH may give an example of the response to the surface heating. Figure 3a shows the MLS water vapor column content in the layer from 316 to 147 hPa. The values may be underestimated in the Tropics, as the mixing ratios may be lower than the balloon sonde data on 464 and 316 hPa when the vertical column is very moist (Sandor et al. 1998 ). However, the displayed layer seems remarkably wetter than the layer of 300-100 hPa measured from SAGE-II and analyzed by Chiou et al. (1997) . The maximum content was found over the summer tropical areas around 10Њ latitude. The moisture over the subtropical regions increased nearly 100% from winter to summer in both hemispheres. This was unlikely to be produced by the interhemispheric transport, as the fluxes at the equator were toward to the winter hemisphere (Figs. 2a, b) . Hence the seasonal change per se would argue for a positive response to additional surface heating.
The water column content from 300 to 150 hPa plotted from ECMWF data is displayed in Fig. 3b . The ECMWF humidity was systematically higher than that of MLS in the upper troposphere, while the patterns were similar. The differences could be produced by the errors either in ECMWF data or in UARS data. Usually the strong filamentary moisture flux as depicted in Fig.  4 (to be discussed below) presents the zone of high moisture concentration associated with strong surface convergence. The MLS water vapor may be underestimated over the regions of abundant moisture, by missing the peak values in the filamentary moist zones. This can be seen by comparing the daily moisture maps plotted using MLS and ECMWF data, respectively (figures are not shown). Read et al. (1999, personal communication) reported also that the MLS water vapor value is underestimated relative to radiosonde data by a larger factor at the higher values at 316 and 464 hPa, though VOLUME 13 
the differences may not yet be well enough established to claim that this is the only reason for the contributed difference from the ECMWF data. It is noted that the water vapor balance depends not only on the large-scale circulations, but also on the microscale physics related to the surface water evaporation, water vapor condensation and precipitation. The first half of 1992 was accompanied by El Niño over the central Pacific. The zonal mean water vapor content was slightly higher near the equator, compared with the normal year of 1994. Although there were relatively dry patches on the both sides of the warm pool in the El Niño season (Fig. 1) , the moisture in the whole belts was not significantly lower than in the normal year. From June to August 1994, the upper troposphere in La Niña season was generally drier than in 1992. It should be noted that July 1994 had only 16 days of data, and June 1992 only 18 days. The dryness in the two transition seasons was also obvious in the MLS satellite data.
The annual means were slightly higher in the Northern Hemisphere than in the Southern Hemisphere for the two years. The annual mean temperatures in the lower troposphere and on the sea surface are also higher in the northern tropical and subtropical latitudes than in the corresponding southern latitudes (Peixoto and Oort 1992) . So the positive correlation between UTH and SST is also a long-term mean feature. Overall, the points covered in this section suggest a positive response.
Dynamic processes of UTH variations
From Riehl and Malkus (1958) , nearly all upward heat and mass transport in the Tropics takes place in tall cumulonimbus clouds. These convective clouds are a kind of transient perturbation, which have a lifetime shorter than that of the baroclinic cyclones at the midlatitudes. However, the vertical transient flux shown by Figs. 2c and 2d was negligibly small compared with the mean flow flux in the Tropics. So the statistics in Fig.   2 may not represent the real physical processes in the atmosphere and may not reveal the relation between deep convection and large-scale subsidence.
It was argued (Zhu and Newell 1998 ) that the total meridional water vapor flux in the whole atmosphere may be accomplished by four or five atmospheric rivers. Thus, the transient flux calculated with the traditional algorithm may be underestimated. Palmén and Newton (1969) pointed out that the slow mean tropical circulation should be interpreted as the statistical result of the vigorous vertical motions in convective clouds that penetrate to the upper troposphere only in a very small portion of the total region. Thus, the so-called zonal mean flow fluxes in (1) and (2) are contributed more or less by transient and local processes. This can be seen from Fig. 4 , which gives the vertical fluxes of water vapor across 500 hPa over a tropospheric river, evaluated with ECMWF data at 1200 UTC 4 January 1992. A rapid developing cyclone, termed a bomb, related to this river has been discussed by Zhu and Newell (1994) . Only four or five of the rivers along a typical midlatitude in the daily maps may complete the total vertical transport of water vapor at that latitude.
The UARS data may be used to analyze the largescale cirrus decks in the upper troposphere and lower stratosphere. However, the large-scale cirrus may be produced by slow large-scale sloping lifting flows. Most of the cirrus that can be detected by UARS may not be used to indicate the local convection. The local convection will be identified in this study by the strongest vertical velocities on 464 hPa in the twice-daily ECMWF datasets, which cover 10% of the grid points at each latitude from 40ЊS to 40ЊN. This number is based on the previous work (Zhu and Newell 1998) Table 1 , which are evaluated from (4) at 464 hPa for Table 1 (upper and middle) and at 316 hPa for Table 1 (lower), assuming that the vertical fluxes across the tropopause are negligibly small. The convective flux in the tropical regions (20ЊS-20ЊN) was extremely strong in the first half of 1992 (Table 1upper) , which was in an El Niño period; the induced large-scale subsidence reached the peak values in the subtropical regions. The couplings between strong convection and large-scale subsidence are indicated by the boldface numbers in the table. This approach is used to bring out the relationship between the convective upward flux and the downward flux by the background flow. Thus the tropical convection carried 424 ϫ 10 6 kg s Ϫ1 of water vapor upward while the background flows carried 51 ϫ 10 6 kg s Ϫ1 downward in the subtropics. In the 1992-93 period, shown in Table 1b , the pattern is essentially the same but values are much smaller in the first half of the year and somewhat larger in the second half. These facts support the hypothesis of negative response. In the normal year without El Niño (Table 1middle) , strongest convection in the large area from the equator to 40ЊS took place in the summer hemisphere and was weaker than the southern summer convection during the 1992 El Niño period. So the induced subsidence was also weaker, with a background flux value for 40Њ-20ЊS of 39 ϫ 10 6 kg s Ϫ1 downward for December 1991-February 1992 while this was 5 ϫ 10 6 kg s Ϫ1 upward in December 1992-February 1993. Table 1b shows also that the convective flux in the northern subtropical region together with the induced downward fluxes on the two sides in the fall was the strongest during 1993 and was stronger than in 1992. This result is uncertain, as only eight days were available in October 1993.
The upper troposphere was not dried by the enhanced subsidence in summer as it was overwhelmed by the convective flux. Tables 2upper and 2middle give the meridional and vertical influxes of MLS water vapor into the layer from 464 to 150 hPa in 1992 and 1993, respectively. In general, the convergence of the meridional fluxes were much less than net vertical influxes into the upper troposphere. Hence the interhemispheric transport may not be critically important for the local balance of UTH. The maximum vertical flux and net influx within the latitudinal zone are denoted by the boldface numbers. The maximum influx over the tropical area from 20ЊS to 20ЊN occurred in the summer. El Niño could also have an effect on the net influx, as the influx was stronger in the first half of 1992 than in the first half of 1993. The annual mean influx in 1992 was also stronger. Comparing with Fig. 3a , we find that the high water vapor content in the summer hemisphere was related to the maximum influxes contributed mostly by local convection. That the annual mean UTH in the Northern Hemisphere was higher than in the Southern Hemisphere was also correlated to the bigger influxes.
A similar comparison of vertical influxes for 1992 appears in Table 1c for 316 to 147 hPa. The major features are the same as in Tables 1a and 1b , with absolute magnitudes of the fluxes smaller, as would be expected because both vertical air motion and humidity diminish with altitude. This table shows the same dominance of the convective flux in the water vapor across 316 hPa. The divergence of the vertical fluxes in Table  1c are compared with horizontal flux divergence in Table 2c for the 316-147-hPa layer and the 1992 year. The general pattern is similar to that in Tables 2upper  or 2middle , with the vertical flux still dominating over the horizontal flux for the higher layer.
Slantwise convection
As discussed by Eady (1950) and Palmén and Newton (1969) , the large-scale circulations at the midlatitudes may be termed slantwise convection, in which the vertical motions are a few centimeters per second compared with the horizontal wind speeds of tens of meters per second. This is also the situation for the large-scale circulation in the subtropical regions, except that the trajectory slopes in this case are larger in the meridional direction than in the zonal direction. The monthly mean VOLUME 13
Time series of ECMWF vertical velocity (10 Ϫ2 Pa s Ϫ1 ), specific humidity (g kg Ϫ1 ), and relative humidity (%) on 300 hPa in Jun 1992.
winds in ECMWF data for January 1992 show a westerly subtropical jet over the North Pacific at around 32ЊN, with maximum speeds of 41 m s Ϫ1 at 500 hPa and 78 m s Ϫ1 at 200 hPa. These values are not the same as those shown in Fig. 6a (discussed later on), as they did not occur at the 170ЊW plotted in the figure. The jet in the Southern Hemisphere around 24ЊS was weaker. The meridional velocity of the mean circulation is also much greater than the vertical velocity. As commented upon by Green et al. (1966) , the circulations of largescale midlatitude convection may extend near the surface into much lower latitudes than is generally appreciated. Some of the local convection defined in the preceding section could be the slantwise convection in the daily fields, if the trajectory slopes were relatively small. The vertical cross sections along the trajectories of the monthly mean winds plotted from ECMWF data show that the differences between the slopes of the trajectories and isentropic surfaces are very small in the subtropical regions.
Thus, the moisture transport in the atmosphere depends not only on the vertical motions, but also on the horizontal fluxes. Figure 7 gives two examples of the local correlations between vertical motions and humidity changes, plotted from ECMWF data. The large-scale subsidence around 20ЊN, 65ЊE and 22.5ЊS, 70ЊE, respectively, induced by tropical deep convection and the Asia monsoon did not dry the upper troposphere. It is unlikely that the continuous increase of humidity over a few days was produced by evaporation of preexisting clouds. This moistening process could be contributed by horizontal transport. When the humidity surface is steeper than the isentropic surface, the large-scale downward motion on the isentropic surface may moisten the local atmosphere.
The subtropical atmosphere may be dried efficiently by the equatorward flows that come from the lower stratosphere through a folded tropopause just above and below the subtropical jets. A picture of the slantwise convection in the subtropical regions is given by Fig.  6 . The maximum speeds of the descending and ascending flows in the time mean cross section was Ϫ1.9 and 2.5 cm s Ϫ1 , respectively. The daily values could be five times bigger over the Pacific Ocean. The adiabatic heating in the subsidence is much larger than radiation cooling. Thus, the straightforward downward motion may not be the best representation for the large-scale circulation pattern in the subtropics, except in the thermally unstable tropical atmosphere.
It is noted that the vertical and horizontal components cannot be measured directly from Fig. 6 , as the vertical and horizontal scales of the cross section are different. The angles between the velocity vectors and the isentropic surfaces in the cross section may represent approximately the angles in the three-dimensional space, if the isentropic surfaces do not tilt strongly in the direction normal to the cross section. The vectors had large angles to the isentropic surfaces in the stratosphere, because the zonal tilt of the isentropic surfaces was relatively large and the flows were nearly normal to the cross section. If plotted along with the trajectories in the domains out of the Tropics, the angles become negligibly small as shown by Fig. 6c .
In general, the westerly jet cores are located in the area of tropopause folding. The equatorward flows just below the jet core may come from the stratosphere,
when they bring dry air. If we plot the temperature cross section, we may see that the tropopause was at about 8.2-km height at 40ЊN and 10.5-km height at 40ЊS along 170ЊW, while in the tropical regions, the tropopause is about 17 km high. Figure 6a shows that the stratospheric intrusion in the Northern Hemisphere produced a deep tongue in the MLS humidity field (ϳ20ЊN, 5-9 km), together with a potential vorticity tongue below (10Њ-30ЊN, centered at 3 km). The stratospheric air may reach the tropical areas in the lower troposphere. If there is a positive correlation between increases of tropical deep convection and midlatitude baroclinic activities, the intensified stratospheric intrusion may produce a negative anomaly in the subtropical humidity field. The drying process was also evident below the southern jet (20ЊS, 8 km, and 32ЊS, 5-10 km) . As a result, the equatorward horizontal gradients in the humidity field increased sharply in the subtropical upper troposphere.
The large-scale subsidence may reduce the local temperature over the sea surface when the slopes of air trajectories are less than the slopes of isentropic surfaces. At the same time, the moisture in the upper troposphere increases in the subtropical regions. So the correlation between the changes of upper-tropospheric humidity and sea surface temperature may be negative. However, it does not suggest that the response of uppertropospheric humidity to increase in sea surface temperature over the globe is also negative. As the time mean large-scale circulations are characterized by slantwise convection, and the horizontal gradient in the humidity field is large, the effect on water vapor transport cannot be studied with a one-dimensional model.
Conclusions and discussion
The zonal mean MLS water vapor column content in the upper troposphere increased with increasing sea surface temperature in an annual cycle in the tropical and subtropical regions. Calculations of the fluxes with ECMWF winds and vertical velocities shows that the eddy fluxes cannot be ignored in the variations of UTH, especially in the subtropical regions. However, the traditional analyses provide little information on the dynamics of UTH variations. Using the new algorithm of Zhu and Newell (1998) , we find that the increase of moisture in the upper troposphere was contributed mostly by local convection over the scattered small areas, which occupied less than 10% of the whole area, while the contribution of background fluxes and horizontal transport was relatively small.
Without using long-term climatological data, this study may not suggest an essential difference between the responses from the anomalous heating in a longterm climatology and in the seasonal cycles, since the long-term mean circulations and the interhemispheric transport do not play the most important role in the changes of UTH over the extratropical regions. It is possible that there is a limit of the positive response, over which an increase of SST will reduce UTH. However, the limitation may be caused by physical processes that are much more complicated than the large-scale subsidence.
The positive response of UTH from SST variations found here from the seasonal cycle does not nullify the existence of the negative response process suggested by Lindzen (1990) . The increased tropical convection in the El Niño period enhanced the large-scale subsidence in the subtropical latitudes. The total response depends on the comparison between the positive and negative responses. Due to the local convection, the mean subsidence in the subtropical regions may not mean an overall downward transport of water vapor, even if the detrainment of clouds and evaporation in the free atmosphere are not considered. Although a positive response was suggested in the present study, the behaviors between the two hemispheres were different. Thus, a question may still remain: Does a possible manner of anomalous heating exist that will lead to an overall negative response? The model experiments of Del Genio et al. (1996) found that the response of the greenhouse effect depends largely on the change of SST gradient.
When the response from the local SST is positive, the correlation to the remote deep convection may be negative. This prevents drawing a final conclusion on the greenhouse effect in terms of the response from remote deep convection. The heating caused by greenhouse gases may not be concentrated at a particular place. A low-resolution model with simple physics may simulate the negative response but not the positive response. As convection over small areas has a great influence on the upper-tropospheric water vapor distribution, the climate model needs to be of high resolution.
Although the lower boundary is covered mostly by ocean water in the Tropics, the circulations are highly asymmetric in the zonal direction, due to the local convection. The time and zonal mean shows that the whole atmosphere in the tropical and extratropical regions rises and sinks, respectively. Although this picture fits the time-averaged energy balance equation, the mean Hadley cell may be far from the real climatology at a local place, and add little to our understanding for tropical dynamics. Using the mean circulation to replace the real circulation for the study of a nonlinear dynamic process may be misleading. For example, the time and zonal mean vertical velocities on 464 hPa evaluated by ECMWF data (figure not shown) were downward over most latitudes from 20Њ to 40ЊS in the same two seasons as in Fig. 5 ; simultaneously, the mean water vapor transport was generally upward.
In the physical world, the large-scale circulations in the extratropical atmosphere are characterized by slantwise circulations, as illustrated by Green et al. (1966) and shown by ECMWF data. If the adiabatic heating in a slow subsidence can be offset by radiative cooling, the cooling may take place also in the environment at a similar rate. The air motions in the diabatic process VOLUME 13 J O U R N A L O F C L I M A T E may still have the trajectories with slopes close to or less than those of isentropic surfaces in the statically stable atmosphere. This feature remains in the timeaveraged circulations. The transport in the slantwise convection has both vertical and horizontal components, and the water vapor fluxes cannot be discussed with one-dimensional models.
The drying of the subtropical atmosphere may be carried out most efficiently by the stratospheric intrusion across the humidity surfaces at midlatitudes. This process is related to baroclinic perturbations and heat balance. The relation between increases of tropical deep convection and baroclinic activity needs more study. As the Tropics get extra heating, the meridional temperature gradient and northward heat transport increase. This result may facilitate the frontogenesis and baroclinic disturbance developments in the extratropical regions. The forming of dry anomalies in the El Niño episode suggest an increase of the baroclinic activity at midlatitudes. The intensified slantwise subsidence may cool rather than heat the local atmosphere.
